Abstract: During a survey for pathogens of Florida torreya (Torreya taxifolia) in 2009, a novel Fusarium species was isolated from cankers affecting this critically endangered conifer whose current range is restricted to northern Florida and southwestern Georgia. Published multilocus molecular phylogenetic analyses indicated that this pathogen represented a genealogically exclusive, phylogenetically distinct species representing one of the earliest divergences within the Gibberella clade of Fusarium. Furthermore, completion of Koch's postulates established that this novel species was the causal agent of Florida torreya canker disease. Here we formally describe this pathogen as a new species, Fusarium torreyae. Pure cultures of this species produced long and slender multiseptate sporodochial conidia that showed morphological convergence with two distantly related fusaria, reflecting the homoplasious nature of Fusarium conidial morphology.
INTRODUCTION
Florida torreya (Torreya taxifolia Arn.), also commonly known as stinking cedar or gopher wood, is on the U.S. Fish and Wildlife Service list of critically endangered species and it is considered to be on the verge of extinction (Godfrey and Kutz 1962, Farjon 2010) . Represented by less than 1000 individuals in the wild, the current range of this taxaceous conifer is restricted to the ravines and bluffs along the Apalachicola River in two counties in northern Florida and one county in southwestern Georgia (Schwartz et al. 2000) . In addition to climate and other abiotic stresses, various biotic factors and anthropogenic activities have been implicated in the decline of this species. Added to these factors is a newly described canker disease of Florida torreya (hereafter abbreviated CDFT, Smith et al. 2011) caused by a novel species of Fusarium. Field surveys throughout its range in 2009 revealed that all dead and the vast majority of living Florida torreya trees exhibited signs of canker disease. Isolates of a Fusarium species recovered from cankers were used to successfully complete Koch's postulates on cultivated Florida torreya, establishing that it was the casual agent of CDFT. Multilocus molecular phylogenetic analyses of the Florida torreya pathogen, employing genealogical concordance (Taylor et al. 2000) , indicated that it represented a novel species comprising one of the earliest divergences within the Gibberella clade of Fusarium (Smith et al. 2011) . The purpose of this paper is to report on the morphology of this novel species, which is formally described herein as Fusarium torreyae T. Aoki et al.
MATERIALS AND METHODS
Fungal isolates.-Histories of the seven isolates of Fusarium torreyae that we recovered from cankers on Florida torreya in northern Florida in 2009 are listed below. In addition, we discovered that FRC L-212 (5 NRRL 54626) isolate, previously reported as F. lateritium Nees causing needle spots on Florida torreya (El-Gholl 1985) in Florida, is F. torreyae based on an independent molecular phylogenetic analysis of the F. lateritium species complex (K. O'Donnell unpubl). All isolates used in this study are stored in the NIAS Genebank-Microorganisms Section (MAFF), Genetic Resources Center, National Institute of Agrobiological Sciences, Tsukuba, Ibaraki, Japan, the Agriculture Research Culture Collection (NRRL), National Center for Agricultural Utilization Research, Peoria, Illinois, and the CBS-KNAW Fungal Biodiversity Centre, Utrecht, the Netherlands.
Morphological characterization.-Methods for determining phenotypic characters and mycelial growth rates followed published protocols (Aoki et al. 2001 (Aoki et al. , 2005 . Isolates were grown in the dark, under continuous black light (National FL8BL-B 8 W/08, Panasonic, Osaka) or under an ambient daylight photoperiod on potato dextrose agar (PDA; Difco, Detroit, Michigan) and synthetic nutrient-poor agar (SNA), with or without placing a sterile 1 3 1 cm piece of filter paper on the SNA surface . Isolates were cultured on PDA in 9 cm Petri dishes to characterize colony color with a standardized color atlas (Kornerup and Wanscher 1978) and colony odor, morphology and growth rate. PDA cultures were used to determine mycelial growth rates (Aoki et al. 2003) . Agar blocks ca. 5 3 5 mm were cut from the cultures on SNA and transferred onto PDA. These culture plates were incubated in darkness at eight different temperatures at 5 C intervals from 5-40 C. Examination of the culture plates were made at 1 and 5 d after cultures were established, and colony margins were marked with permanent ink on the reverse side of the Petri dishes. Radial mycelial growth rates were calculated as arithmetic mean values per day by measuring the distance of 16 points around the colony radius to the center of the colony. Measurements of growth rates at different temperatures were replicated twice in the same manner, and the data were averaged for each strain to obtain colony growth rate. Conidia, conidiophores and chlamydospores produced on SNA and PDA cultures were viewed and photographed with water as the mounting medium.
Molecular phylogenetics.-To obtain total genomic DNA for PCR and DNA sequencing, isolates were first cultured 3-4 days in yeast-malt broth on a rotary shaker at 100 rpm, harvested over a Bü chner funnel and freeze-dried following protocols of Smith et al. (2011) . Once dried, genomic DNA was extracted from mycelium with a hexadecyltrimethylammonium bromide (Sigma-Aldrich, St Louis, Missouri) protocol (Gardes and Bruns 1993) . Isolates were characterized genetically by sequencing portions of RNA polymerase largest subunit (RPB1), using PCR primers and protocols reported by O'Donnell et al. (2010) . In addition, we used PCR to amplify portions of RNA polymerase second largest subunit (RPB2), translation elongation factor (EF-1a) and beta-tubulin (benA) from FRC L-212 (5 NRRL 54626) F. torreyae following protocols of O'Donnell et al. (1998 O'Donnell et al. ( , 2010 . Amplicons were generated via PCR with Platinum Taq DNA polymerase (Invitrogen Life Technologies, Carlsbad, California), sequenced with ABI BigDye 3.1 (Applied Biosystems, Emeryville, California) and purified with ABI XTerminator before running them on an ABI 3730 automated sequencer. Sequencher 4.9 (Gene Codes Corp., Ann Arbor, Michigan) was used to edit sequence chromatograms and then export the aligned sequences as NEXUS files. Partial RPB2 sequences of six isolates of F. torreyae and 21 other Fusarium spp. deposited in GenBank (Smith et al. 2011) were downloaded for inclusion in the present study. The codon-based MUSCLE alignment function in MEGA5 (Tamura et al. 2011 ) was used to align the RPB2 5-7 region to optimally place a 39-42 bp indel within the reading frame. Visual inspection of Sequencher's alignment of RPB1 and the RPB2 7-11 region in MEGA5 indicated that they accurately represented positional homology.
Phylogenetic analyses of the individual and combined partitions were conducted employing maximum likelihood (ML) in GARLI 1.0 (Zwickl 2006) on the CIPRES Science Gateway (http://www.phylo.org) and maximum parsimony (MP) in PAUP 4.0b10 (Swofford 2002) . Clade support was assessed by 1000 ML and MP bootstrap (BS) pseudoreplicates of the data. ML and MP bootstrapping of the individual RPB1 and RPB2 datasets did not find any nodes with conflicting support so they were analyzed as a combined dataset. Model testing (Posada 2008 ) selected GTR+C+I as the optimal model of nucleotide substitution. We analyzed 26 RPB2 accessions deposited in GenBank under accession numbers HM068337-HM068363 (Smith et al. 2011 ) and JX504707-JX504715 generated in the present study. The dataset and most parsimonious tree have been deposited in TreeBase under accession number Tr56534.
RESULTS
Molecular phylogenetics.-Previous analyses of partial RPB2 sequence data indicated the CDFT pathogen comprised a novel monotypic lineage representing one of the earliest divergences within the Gibberella clade of Fusarium (Smith et al. 2011 ). Here we extend this analysis by including partial RPB1 sequence data. A branch-and-bound MP analysis of the two-locus dataset identified a single most parsimonious tree 3616 steps long, which was outgroup rooted on sequences of five members of the F. solani species complex based on more inclusive analyses (FIG. 1 , O'Donnell unpubl). The F. torreyae lineage was strongly supported as genealogically exclusive by ML and MP bootstrapping (5 100%). Furthermore, the F. torreyae lineage was resolved as one of the earliest divergences within the Gibberella clade of Fusarium, following the basal-most divergence of the F. buharicum-F. sublunatum clade and the second earliest divergence represented by the F. lateritium species complex (FIG. 1) .
Although FRC L-212 (5 NRRL 54626) originally was identified morphologically as F. lateritium causing needle spots on Florida torreya in a disease note (ElGholl 1985) , and confirmed by Paul E. Nelson at Pennsylvania State University (D. Geiser pers comm), we determined that this isolate is F. torreyae based on BLAST queries of GenBank and Fusarium-ID (Geiser et al. 2004 ) and via molecular phylogenetics (not shown). In addition, morphological examination of FRC L-212 revealed that it fits the protolog of F. torreyae. Searches of GenBank, using the partial EF-1a sequence of FRC L-212 as the query, showed a 100% match with NRRL 54155 F. torreyae and 99% identity to NRRL 54149-54154. Similar BLAST queries, using a partial RPB2 sequence of FRC L-212 as the query, showed that it was a 99-100% match to the sequences of F. torreyae in GenBank. BLAST queries of GenBank, with the ITS rDNA and partial EF-1 a, RPB1, RPB2 and b-tubulin sequences of F. torreyae, indicated that they all could be used to distinguish the CDFT pathogen from all other Fusarium spp. represented in GenBank, as well as those included in our in-house databases. Other than their conspecifics, the following sequences in GenBank showed the highest identity to F. torreyae: ITS rDNA of Fusarium sp. BBA 65925 (AF310977.1) at 97%, EF-1 a of F. Colonies on PDA showing mycelial growth rates of 1.8-3.2 mm per d at 20 C and 2.3-3.8 mm per d at 25 C in the dark. Colony margins entire. Aerial mycelia on PDA sparsely to moderately formed or lacking, if present loosely floccose, sometimes funiculose, white (1A1) to yellowish white (4A2) in the dark, yellowish white (4A2), orange white (5-6A2) or pale orange (5-6A3), pale red to pastel red (7-10A3-4) under fluorescent light, upon sporulation pale orange (5-6A3) to light orange (5A4). Pigmentation in the reverse pale yellow (4A3), light yellow (4A4-5) or light orange (4-6A4-5), grayish orange (4-6B5-6), orange (5-6A-B7), pastel red (7A4-5) to reddish orange (7A6-8). Sclerotial bodies absent. Odor absent or sweet. Sporulation on SNA and PDA generally relatively scarce either directly on substrate mycelium or in sporodochia. Sporodochia sometimes observed under different light conditions on the agar surface. Aerial conidiophores and conidia absent. Sporodochial conidiophores verticillately or irregularly branched, forming apical monophialides or sometimes intercalary phialides. Polyphialides not observed. Sporodochial conidia variable in morphology, (1-)3-7(-9)-septate, falcate and curved, often long and slender and cylindrical, dorsiventral, often widest around the midregion of their length, tapering gradually toward both ends, with an acuminate apical cell and a distinct foot-like basal cell; in complete darkness three-septate: 28.5-63 3 3-5 mm in total range, 42-51.1 3 3.7-4.5 mm on average (ex type: 38.5-60 3 3-5 mm, 49.1 6 5.5 3 4.3 6 0.35 mm on FIG. 1. Single most parsimonious tree inferred from the partial RPB1 and RPB2 nucleotide sequences of 22 Fusarium species, including six isolates of Fusarium torreyae (highlighted in gray) recovered from Florida torreya (Torreya taxifolia) cankers. Each isolate is identified by a five digit ARS Culture Collection (NRRL) accession number followed by the species name where known. The phylogram was rooted on sequences of members of the F. solani species complex (FSSC) based on more inclusive analyses. Arabic numerals and lowercase roman letters are used to identify four of the five phylogenetically distinct species/multilocus haplotypes within the FSSC (O'Donnell et al. 2008 ). The bold internode identifies the most recent common ancestor of the Gibberella clade of Fusarium. Boldface is used to identify four Fusarium spp. whose whole genome sequences are publically available. Note that the isolates of F. torreyae form a genealogically exclusive lineage comprising one of the earliest divergences within the Gibberella clade of Fusarium. average and SD); five-septate: 42.5-109 3 3.5-5.5 mm in total range, 54.8-86.0 3 4.2-4.6 mm on average (ex type: 54.5-94.5 3 3.5-5 mm, 77.0 6 11.2 3 4.5 6 0.20 mm on average and SD); seven-septate: 52.5-125 3 3.5-5.5 mm in total range, 66.1-102.1 3 4.4-4.8 mm on average (ex type: 62.5-101 3 4-5 mm, 85.9 6 7.5 3 4.6 6 0.23 mm on average and SD); sometimes shorter and 0-3-septate, ellipsoidal to clavate conidia with a rounded apex and a truncate base also formed. Chlamydospores present or absent, smooth to rough, thick-walled, intercalary or terminal, solitary, in pairs or catenate, 6.5-13 3 5.5-11.5 mm, when present.
Hyphal swellings often observed that are amorphous, smooth and relatively thick-walled.
Etymology: torreyae (Lat.), referring to the host, Torreya taxifolia Arn. FIGS. 3-22. Microscopic morphology of Fusarium torreyae formed in culture. 3-7. Sporodochial conidia and conidiophores (aerial view). 8-11. Sporodochial conidia formed from monophialides on simple or branched conidiophores. 12-17. Falcate, long and slender, multiseptate sporodochial conidia with an acuminate apical cell and a distinct foot-like basal cell. 18. Short 2-3-septate, ellipsoidal to clavate conidia with a rounded apex and a truncate base. 19. Amorphous, smooth-walled hyphal by Jason A. Smith, JAS #596 (4025-09 canker). In addition, isolate FRC L-212 (5 NRRL 54626) from leaf spots of diseased Florida torreya, T. taxifolia, reported as F. lateritium in a disease note (El-Gholl 1985) , was identified as F. torreyae using DNA sequence data.
Notes: Fusarium torreyae is very similar morphologically to F. lunulosporum Gerlach (Gerlach and Nirenberg 1982) ; both species form long and slender, mostly 3-6-septate sporodochial conidia. However, sporodochial conidia of the latter species possess an elongated, constricted and pointed apical cell and a long, distinctively pedicellate basal cell. Apical cells of sporodochial conidia in F. torreyae are long and slender and taper gradually toward both ends, without a constricted and pointed apical cell and the basal cell is relatively short (FIGS. 9-17). Fusarium tucumaniae T. Aoki et al. (Aoki et al. 2003 ) produces multiseptate sporodochial conidia morphologically similar to F. torreyae (i.e. long and slender), which are similar in size in both species. However, F. tucumaniae forms two different types of aerial conidia, in addition to a distinctive greenish to bluish colony on PDA. In contrast, F. torreyae produces only sporodochial conidia and it never produces bluish green colonies.
DISCUSSION
Fusarium torreyae produces only sporodochial conidia that are typically long, slender, moderately curved and 3-6-septate, showing morphological convergence with two distantly related species, F. lunulosporum and F. tucumaniae. These three species, however, can be distinguished phenotypically in that sporodochial conidia of F. torreyae do not possess an elongated, constricted and pointed apical cell as in F. lunulosporum and, in contrast to F. tucumaniae, F. torreyae produces only sporodochial conidia and its colonies are never bluish green on PDA. The available data suggests these three fusaria can be distinguished by host range in that F. torreyae is known only from Florida torreya (Smith et al. 2011) , F. lunulosporum has been isolated only from grapefruit (Gerlach and Nirenberg 1982) and wheat (Gert van Coller, A-L Boutigny, A Viljoen pers comm) in South Africa, and F. tucumaniae has been recovered only from soybean in Argentina and Brazil (Aoki et al. 2003 , O'Donnell et al. 2010 .
The identification of F. torreyae as F. lateritium by El-Gholl (El-Gholl 1985) and subsequent confirmation r swelling. 20-22. Rough-walled chlamydospores that are solitary, in pairs or catenate. (8) (9) (10) (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) (21) (22) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) (18) (19) (20) (21) (22) 17 on PDA in dark). 3, (7) (8) (9) 15, 16 from NRRL 54149, (4) (5) (6) 11, 12, 18, 19 from NRRL 54151 (ex holotype), 10, 17 from NRRL 54154, 13 from NRRL 54146, 14, 20-22 from NRRL 54152. Bars; 3-7, 10 5 50 mm; 8, 9, 11-22 5 20 mm. by Paul E. Nelson (D. Geiser pers comm) illustrate the daunting challenge presented by overly broad morphological concepts of fusaria, especially when applied to species that produce only sporodochial conidia. We speculate that the reported needle blight of Florida torreya induced by F. lateritium in a pathogenicity experiment (Alfieri et al. 1987 ) also can be attributed to F. torreyae; however, no isolate from this study was accessioned so the identity of this pathogen cannot be verified. Other examples of misplaced Fusarium spp. pathogenic to trees are provided by the etiological agent of coffee wilt disease in Africa, F. xylarioides Steyaert, and vascular wilt of pigeon pea (Cajanus cajan (L.) Millsp.) in Africa and Asia caused by F. udum Butler. The latter two species were classified in section Lateritium by Booth (1971) , but molecular phylogenetic analyses have clearly established that they are nested within the African clade of the Gibberella fujikuroi species complex , Geiser et al. 2005 , Lepoint et al. 2005 . Most fusariologists included only fusaria that produce conidia that are mostly straight in F. lateritium (Wollenweber and Reinking 1935 , Booth 1971 , Gerlach and Nirenberg 1982 , Leslie and Summerell 2006 . However, Nelson et al. (1983) also included isolates from woody plants that produced macroconidia more curved in the midsection, which is consistent with his phenotypic identification of FRC L-212 (5 NRRL 54626 F. torreyae) as F. lateritium. We speculate that ElGholl's (1985) and Nelson's identification of FRC L-212 F. torreyae as F. lateritium also was influenced by the fact that the latter species is broadly attributed to canker diseases on trees. Our discovery that FRC L-212 is F. torreyae, and not F. lateritium, was made during a multilocus phylogenetic assessment of F. lateritium clade species accessioned in the FRC and the CBS-KNAW Biodiversity Centre. As posited by Leslie and Summerell (2006) , our preliminary assessment suggests this clade comprises at least 15 phylogenetically distinct species, not including F. torreyae, which was resolved as a distinct monotypic lineage. Because the limited morphological characters produced by F. torreyae may pose difficulties in identifying it phenotypically, we recommend conducting nucleotide BLAST queries of GenBank, Fusarium-ID (Geiser et al. 2004) or Fusarium MLST (O'Donnell et al. 2010) , using portions of EF-1a, RPB1 or RPB2 gene sequences to obtain a definitive identification.
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